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A major question in neural development is whether each part of the telencephalon has an equal potential to generate each
cell type. In this study, we address this question speci®cally in regard to the generation of oligodendrocytes. We cultured
precursor cells from two different regions of the rat embryonic telencephalonÐthe ganglionic eminence and the anlage of
the cerebral cortexÐfrom different stages of development, and labeled the cells with a retroviral vector to follow their
fate. We discovered that multipotential precursor cells from E13 ganglionic eminence have several orders of magnitude
higher capacity to generate oligodendrocyte than the equivalent cells from E13 cerebral cortex. This failure of cortical
precursor cells to generate oligodendrocytes at early developmental stages (E12±E13) could not be reversed by growth
factors, permissive growth media, or a permissive striatal cell environment. A combination of striatal contact and plus
speci®c growth factors, however, did induce the production of oligodendrocytes. We conclude that telencephalic precursor
cells do have the potential to generate oligodendrocytes, but that this potential is signi®cantly greater in striatal than
cortical multipotential precursor cells. q 1998 Academic Press
Key Words: oligodendrocyte; cortex; striatum; telencephalon; multipotential precursor cells.
INTRODUCTION Friedrich, 1996), while retroviral lineage labeling of precursor
cells in different embryonic brain regions has given rise to
oligodendrocytes where they have been looked for, with theOligodendrocytes are found in the white matter of all re-
exception of the retina (Grove et al., 1993; Luskin et al.,gions of the CNS. Like astrocytes and neurons, they are de-
1993; Turner and Cepko, 1987; Williams et al., 1991).rived from the neuroepithelium, and a priori it might be
These lineage studies have suggested a particular modelassumed that all regions of the neuroepithelium have the
for oligodendrocyte generation in the forebrain, in whichpotential to generate oligodendrocytes. This hypothesis is
early multipotential precursor cells give rise to cells withsupported by the many studies that show that cultures de-
the potential to generate oligodendrocytes and neurons, andrived from different brain regions include oligodendrocytes
to cells apparently committed to oligodendrocyte produc-(Levine and Stallcup, 1987; Lillien et al., 1988; McCarthy
tion (Grove et al., 1993; Luskin et al., 1993). These latterand DeVellis, 1980; Raff et al., 1983; Williams et al., 1985),
cells are presumably related to the subventricular zone cellsand some reports have described multipotential precursor
that are the immediate oligodendrocyte precursors (Levisoncells that generate oligodendrocytes (Davis and Temple,
and Goldman, 1993; Levison et al., 1993; Zerlin et al., 1995).1994; Williams and Price, 1995). Similarly, markers of oligo-
Despite this evidence there is good reason to believe thatdendrocyte precursors, such as NG2 and GD3, label cells
not all regions of the neuroepithelium generate oligodendro-throughout the developing brain (Levine and Goldman, 1988;
cytes. The retina of most species is free of oligodendrocytesNishiyama et al., 1996; Reynolds and Wilkin, 1988). Cell
(Watanabe and Raff, 1988), and those that are found in thetransplantation and cell lineage experiments have tended to
optic nerve are thought to have migrated from adjoiningsupport the same hypothesis. Neuroepithelium transplanted
regions of CNS (Small et al., 1987). More recently, the datainto cerebellum generates oligodendrocytes regardless of the
of Richardson and his colleagues (Pringle and Richardson,forebrain region from which it is derived (Hardy and
1993; Yu et al., 1994) and of Timsit et al. (1995) have sug-
gested that regionalization of the potential to generate oligo-
dendrocytes might be much more marked than has been1 Present address: Department of Preclinical Veterinary Sciences,
previously suspected. They used a number of markers ofUniversity of Edinburgh, Summerhall, Edinburgh, EH9 1QH, UK.
E-mail: marieb@ed.ac.uk. oligodendrocyte precursor cells (RNA probes for PDGFa-
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E16; vaginal plug date: day 0) Wistar rat embryos, sacri®ced by CO2receptor, DM20, CNP) to trace the generation of these cells.
inhalation. The two telencephalic hemispheres were removed underThey discovered that marked cells arise from two narrow
sterile conditions in PBS. Cortices and ganglionic eminences werecolumns of ventricular zone cells that run the length of the
carefully dissected and collected in separate vials at 47C. Trypsin wasventral half of the spinal cord and brainstem, terminating
then added to a ®nal concentration of 0.25% in the presence of EDTAin the diencephalon. These data suggest that these narrow
and incubated for 10 min at 377C. Enzymatic treatment was stoppedcolumns of neuroepithelial cells are the ultimate source of
by addition of ®ve times the volume of medium consisting in DMEM
oligodendrocytes, and that migratory oligodendrocyte pre- (GibcoBRL) supplemented with 10% fetal calf serum (FCS). The tis-
cursors disperse from these sites to populate the entire CNS. sues were then dissociated mechanically with a ®re-polished Pasteur
Since these studies traced markers rather than following pipet coated with serum, pelleted at 200g, and resuspended in chemi-
the actual fate of cells, any conclusion regarding lineage or cally de®ned medium (Bottenstein and Sato, 1979). Cells were then
commitment to speci®c fates is an extrapolation. Nonethe- plated at a density of 5 1 105 cells per well containing a 13-mm glass
less, the prediction that oligodendrocytes arise from the coverslip coated with poly-D-lysine. The medium was changed every
2±3 days until cultures were ®xed after 7±21 days in vitro.ventral not the dorsal half of the spinal cord has been borne
out by studies of Miller and collaborators (Noll and Miller,
1993; Ono et al., 1995; Warf et al., 1991).
Infection with the BAG RetrovirusThese studies have enormous implications for the genera-
tion of oligodendrocytes in the forebrain because the col- The construction and production of the BAG retrovirus has been
umns of putative oligodendrocyte precursor cells do not described previously (Price et al., 1987). Primary dissociated cortical
extend to the telencephalic vesicle. This means one of two and striatal cells were infected 15 h after plating by addition of 104
things: either Richardson's and Timsit's markers are failing colony-forming units (CFU) BAG vector to each culture well. All
titrations and infections were carried out in the absence of polybrene.to detect all oligodendrocyte precursor cells, or there are no
To generate mixed cultures, the dissociated cortical cells wereindigenous oligodendrocytes in the telencephalon. In the
incubated with agitation for 2 h at 377C under agitation in thelatter case, the implication would be that oligodendrocytes
presence of 5 1 105 CFU BAG vector; the dissociated cells were(or more likely their immediate precursor cells) migrate into
then washed three times with DMEM supplemented with FCS andthe telencephalon via the diencephalon.
®nally plated at a density of 5 1 104 cells per well, the latter havingIn this study we ask whether the rat telencephalic vesicle
already been plated with 4.5 1 105 striatal cells 2 h previously. Thehas an intrinsic potential to generate oligodendrocytes. We
®nal cell concentration was 5 1 105 cell per well.
concentrated on the telencephalon region because of the
lineage data, cited above, that suggest a particular pattern
of cell lineage relationships for oligodendrocytes in this re- Conditioned Medium
gion. Several studies suggest that early cortical develop-
Striatal or cortical cell culture conditioned medium (CM) wasmentÐup to roughly E16 in the ratÐis dominated by a
prepared as follows: cultures were grown normally in SATO's me-population of multipotential precursor cells (called stem
dium for 3 days; the medium was collected, centrifuged for 5 mincells by some researchers, Temple, 1989). Our understand-
at 1000 rpm, and ®ltered through a 0.45-mm pore-size ®lter unit.ing of these cells is still patchy, particularly their role in
The conditioned medium was aliquoted and stored at 0207C forvivo, but they appear to be able to generate neurons and
later use. In the conditioned medium experiments, cultures were
macroglial cell types. Later development appears to be dom- prepared as above but fed with 0.5 ml fresh medium and 1 ml
inated by separate populations of precursor cells, each speci- cortical or striatal CM.
®ed to generate a single cell type. The implication of the
marker studies cited above is that we (and others) were
wrong to assume that the oligodendrocyte precursor found Data Evaluation and Statistical Analysis
during the second ``speci®ed'' phase of corticogenesis was
Oligodendrocyte counts. The number of oligodendrocytes inderived from the multipotential cells.
cortical and striatal cultures was determined by counting GalC/
In this study, we have cultured precursor cells from the cells in a particular ®eld. GalC/ cells were de®ned as oligodendro-
cortical anlage and compared their potential to generate cytes. Ten ®elds, selected along the vertical and horizontal axes,
oligodendrocytes with that of the ganglionic eminence, the were examined on each coverslip using a 251 objective. The num-
region of the telencephalic vesicle that gives rise to the ber of GalC/ cells was totalled and the number of positive cells
corpus striatum. We demonstrate an intrinsic difference in per cm2 was calculated. For each condition and time point, the
this potential between these two anlagen. Whereas the stria- number of GalC/ cells was counted on three coverslips. Statistical
tum readily generates oligodendrocytes, this seems not to analysis using the ANOVA statistical analysis was performed to
determine signi®cant differences between different groups.be true for the cortical anlage. We address further the ques-
Clonal analysis. The total number of clones per coverslip wastion of whether the potential to generate oligodendrocytes
counted with a 140 objective. As in previous studies (Williams etcan be induced in cortical multipotential precursor cells by
al., 1991), clones were recognised as clusters of b-gal/ cells sepa-exogenous factors.
rated from other such clusters by a radius of at least 120 mm. Since
extensive clonal analysis was not undertaken as part of this study,MATERIALS AND METHODS
the issue of the probability of overlapping clones being mistaken
Preparation of Dissociated Cell Cultures from single clones did not arise. Nonetheless, the same stringent
criteria were maintained in these experiments.Primary cell cultures were prepared from the cerebral cortex or
ganglionic eminence (striatum) of embryonic day 13 or 16 (E13 or In analyzing oligodendrocyte clones in mixed cultures, we ana-
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lyzed 7 series of mixed cultures and stained three coverslips per
series with the NG2 antibodies. The percentage of clones con-
taining NG2/ cells per experiment was analyzed by ANOVA statis-
tical analysis. To test the statistical signi®cance of the medians,
we used the Mann±Whitney U test.
Immuno¯uorescence
Cultures were ®xed in 4% paraformaldehyde for 20 min at room
temperature after various times. They were then stained with an
antibody recognizing a cell surface determinant anti-GalC (tissue
culture supernatant 1/10), anti-O4 (tissue culture supernatant di-
luted 1/8), or anti-NG2 (immunopuri®ed 1/1000), followed by goat
anti-mouse immunoglobulin G3 (IgG3) to detect GalC, IgM to de-
tect O4 or anti-mouse IgG to detect NG2. Cells were then exposed
to 1% Triton X-100 for 10 min at room temperature, followed
successively by anti-b-galactosidase serum (diluted 1/1000) and
AMCA-coupled goat anti-rabbit Ig (Molecular Probes Inc., diluted FIG. 1. Cells derived from E13 and E16 embryonic cortex and
1/100). Finally the cells were labeled with an antibody that recog- striatum were grown on poly-D-lysine. They were analyzed after
nizes an intracellular antigen (anti-b-tubulin III, anti-MAP2, or 18 days in culture. The scale is in Log and the data represent the
MAP5, anti-GFAP, anti-neuro®lament, anti-nestin) after ®xation mean number of GalC/ oligodendrocytes per coverslip { SEM. 1±
with acidi®ed alcohol for 15 min at 0207C. This third layer of 6 correspond to different culture conditions; 1, E13 striatum; 2,
staining was detected with anti-mouse IgG1 (except b-Tub-III for E13 cortex; 3, E16 striatum; 4, E16 cortex; 5, E13 cortex in the
with anti-IgG2b was used). All secondary antisera were obtained presence of E13 striatal conditioned medium; 6, E13 cortex in pres-
from Europath and diluted 1/100). ence of E16 cortical conditioned medium.
As controls, primary antibodies were replaced with normal ascites
¯uid or preimmune serum. No staining was observed in the control
experiments. Control uninfected cultures were stained with the
embryonic regions (referred to here for convenience as ``cor-anti-b-galactosidase serum; no positive staining was observed.
tex'' and ``striatum'') had a similar potential to generate
oligodendrocytes. Cells were cultured from these two brain
Proliferation Assays regions dissected from rat embryos on days 13 and 16 of
gestation (E13, E16). Cultures were stained immunohisto-To determine the percentage of cells synthesising DNA, cultures
chemically with the anti-GalC antibody following variouswere incubated for 16 h in the presence of 10 mm BrdU (Sigma).
numbers of days in vitro (DIV).Cultures were then washed in PBS, ®xed in 4% paraformaldehyde
When we compared the appearance of oligodendrocytesfor 15 min, permeabilized with 0.1% Triton X-100 in PBS, washed
in cultures from E16 striatum and cortex, very little differ-once with PBS, incubated with 2 N HCl for 15 min, washed succes-
sively with 0.02 N NaOH, PBS, incubated with anti-BrdU (Bio- ence was apparent (Fig. 1). Both types of cultures had many
Science products AG) (diluted 1:10 in 0.1% BSA/PBS for 1 h), and thousands of oligodendrocytes after 18 DIV. When we com-
®nally stained with a rhodamine-conjugated anti-rabbit (Europath). pared E13 cultures after 18 DIV, however, a marked differ-
Cell nuclei were counterstained with 1 mg/ml DAPI (Polysciences)/ ence was apparent. Whereas striatal cultures generated as
PBS. Coverslips were mounted in Aqua Poly/Mount (Polysciences). many oligodendrocytes as E16 cultures, E13 cortical cul-
The labeling index, corresponding to the ratio of BrdU-labeled cells tures had almost no oligodendrocytes (Fig. 1). Where they
to total cells, was determined from microphotographs of individu-
did arise, it was as a single cluster of a few cells, whichals ®elds of BrdU-labeled and DAPI-stained nuclei.
appeared to be the progeny of a single oligodendrocyte pre-
cursor cell, although we performed no clonal analysis to
prove this point. Even after 21 DIV, oligodendrocytes re-Growth Factors
mained rare in E13 cortical cultures. Those that were pres-
All growth factors (EGF, TGFa, FGF2, CNTF, PDGF, IGF, NT3, ent appeared identical to oligodendrocytes from E16 cortical
NT4, BDNF) used were human (Peprotech) and diluted following and striatal cultures, or E13 striatal cultures in terms of
the manufacturer's instructions. When they were applied to the their morphology or their immunoreactivity (Fig. 2).
cultures, they were added every 2±3 days in addition to the medium In E16 cultures from cortex or striatum, GalC/ cells ®rst
changes.
appeared in small numbers at 5 DIV. In E13 striatum, they
appear after about 7 DIV. Thus the timing of their appear-
ance in culture approximately mirrors that in vivo, except
RESULTS in E13 cortex when they fail to appear.
The Effect of Growth Factors on OligodendrocyteThe cerebral cortex and the corpus striatum arise from
Generationtwo neighboring regions of the embryonic telencephalic
vesicle, the cerebral anlage, and the ganglionic eminence, There are three possible explanations of the failure of
oligodendrocytes to appear in E13 cortical cultures.respectively. We wanted to determine whether each of these
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TABLE 21. Indigenous precursor cells from E13 cortex have no
Number of Oligodendrocyte-containing Clones per Coverslippotential to generate oligodendrocytes, but they acquire this
(Percentage) Grown on Poly-D-lysine, Analyzed after 8±9 Dayspotential during the following 3 days.
2. The indigenous cortical precursor cells never have the
Coverslip/ Total b-gal/potential to generate oligodendrocytes. Oligodendrocytes
clones clones per Oligodendrocyte-
appear in E16 cortical cultures because oligodendrocyte pre- Type of culture analyzed coverslip containing clones
cursor cells migrate into the cortical anlage between E13
E13 striatum 20/265 13.2 { 3.3 0.68 { 0.65 (5.1)and E16.
E16 striatum 12/97 8.1 { 2.8 1.2 { 0.4 (15.3)3. E13 cortical precursor cells have the potential to gener-
E13 cortex 20/303 15.15 { 4.8 0ate oligodendrocytes, but they fail to express this potential
E16 cortex 12/106 8.8 { 1.5 1.17 { 0.66 (13.1)unless induced to do so by a speci®c set of environmental
Mix E13 cortex-conditions.
BAG/90%
striatum 30/728 24.27 { 6.8 0In an attempt to distinguish between these alternatives,
we sought a factor that might drive E13 cortical precursor
Note. Number of oligodendrocyte-containing clones. Culturescells to generate oligodendrocytes. We decided to test a
from the different for of the telencephalon (cortex and striatum)
panel of growth factors known to have an effect on neural from E13 and E16 embryos were grown on poly-D-lysine. They were
cells at different stages of their development (see Discus- analyzed after 7±8 days in culture. Data are shown as mean number
sion). We tested the factors shown in Table 1 at the concen- of oligodendrocyte-containing clones per coverslip { SEM. The
trations indicated. None of them induced the differentiation ®gures in parentheses are the data expressed as percentages of the
total number of clones per coverslip.of oligodendrocytes above that seen in control cultures,
even though a number of them (PDGF, NT3, FGF2) are
known to in¯uence postnatal oligodendrocyte precursors,
and several others (EGF, TGFa) are thought to in¯uence the
development of neural stem cells. Other factors known to ready constitutively part of the Sato's medium (Bottenstein
and Sato, 1979) in which these cultures were grown (insulin,in¯uence oligodendrocyte development in culture were al-
transferrin, thyroxine, tri-iodothyronine). Needless to say
this list of factors is not exhaustive, but these experiments
gave no support to the hypothesis that a soluble factor could
TABLE 1 induce the production of oligodendrocytes from E13 cortical
Effect of Growth Factors on Oligodendrocyte Generation precursor cells.
Number of
Concentration oligodendrocyte The Effect of Conditioned Medium on
Growth factors (in ng/ml) per coverslip Oligodendrocyte Generation
Epidermal growth factor Since oligodendrocytes arise in E13 striatal cultures and
(EGF) 2±200 23.1 { 12.5 in E16 cortical cultures, any soluble factor that induces the
Transforming growth
production of oligodendrocytes might be expected to befactor (TGFa) 2.5±250 19.5±9.5
found in the CM from these cultures. We tested whetherFibroblast growth factor
CM from E13 striatum or E16 cortex could induce oligoden-2 (FGF2) 1±10 25.3 { 15.5
drocyte production in E13 cortical cultures. In each case wePlatelet-derived growth
collected CM after 3 and 6 DIV, and added these to thefactor (PDGF) 2±20 45.5 { 30.3
Nerve growth factor test cultures immediately after plating and every 2±3 days
(NGF) 1±10 35.5 { 15.3 subsequently. None of these media affected the number of
Neurotrophin-3 (NT3) 2±20 12.5 { 6.8 oligodendrocytes in our E13 cortical cultures. The data for
Neurotrophin-4 (NT4) 2±20 8.5 { 6.1 the 3-day CM are shown (Fig. 1).
Brain-derived growth
factor (BDNF) 2±20 9.4 { 7.3
Ciliary neurotrophic Analysis of Oligodendrocyte-Containing Clones in
factor (CNTF) 2±20 12.9 { 3.1 Cortical and Striatal Cultures
Insulin growth factor-I
(IGF-I) 2±20 15.9 { 7.1 A second way in which cortical precursor cells could be
Leukemia inhibitory induced to produce oligodendrocytes is by direct cell con-
factor (LIF) 2±20 19.3 { 10.3 tact. Since oligodendrocytes appear in striatal cultures, per-
haps striatal cells are capable of inducing neighboring cellsNote. Different growth factors were tested on E13 cortical cul-
into the oligodendrocyte fate. We tested this by mixing cor-tures in case they might drive these cells to generate oligodendro-
tical and striatal cells with the striatal cells in large excesscytes. The concentrations tested were chosen in a range which was
(10% cortical:90% striatal). In order to follow the fate ofshown to be effective on brain cultures. GalC/ oligodendrocytes
were counted after 15 DIV. the cortical cells, we used the BAG replication incompetent
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retrovirus to label individual precursors from the cortical
cell population. In these experiments we used NG2 (Nishi-
yama et al., 1996) to detect oligodendrocyte progenitors
rather than GalC to detect mature oligodendrocytes simply
because it allowed us to analyze the cultures at an earlier
time point (9 DIV). Other studies have indicated that the
same cell populations are detected by these two strategies,
and we have con®rmed this in our cultures (data not shown).
First, we looked at BAG-labeled clones in cultures using
either cortical or striatal cells in order to count the number
of clones that included oligodendrocytes (Table 2). Clones
with oligodendrocytes appeared in E13 and E16 striatal cul-
tures and E16 cortical cultures, but no oligodendrocyte
clones appeared in E13 cortical cultures. The proportion of
clones in which oligodendrocytes appeared increased from
5 to 15% in striatum between E13 and E16. Cortex at E16
was similar to striatum having 13% of such clones. At E13,
essentially all the clones that include oligodendrocytes
(NG2/ cells) also include NG20 cells (Fig. 3). This agrees
with our previously published observation that at this stage
most cortical precursor cells are multipotential (Williams
and Price, 1995). The same is true of many of the E16 clones,
but at this stage in both cortex and striatum, a large propor-
tion of clones are composed entirely of oligodendrocytes,
consistent with the observation that there are determined
oligodendrocyte precursor cells in E16 telencephalon (Wil-
liams and Price, 1995).
Second, we mixed E13 BAG-labeled cortical cells with
E13 unlabeled striatal cells in a proportion of 1 to 9 (Table
2). After 9 DIV, no labeled oligodendrocyte clones were ob-
served. Therefore, even in the permissive striatal environ-
ment, E13 cortical precursors did not generate oligodendro-
cytes. This is not to say that the cortical precursor cells
were not in¯uenced by this striatal environment. Clones
were noticeably larger in these mixed cultures. Accurate
counts were impossible because the cells in these clones
had a high tendency to aggregate together (Fig. 4), but our
impression was that clones in cortical cultures typically
were composed of roughly 100/ cells, while in the mixed
cultures they had over 200 cells. When such cultures were
stained with a combination of anti-nestin and anti-b-Tub
III antibodies, the majority of cells were stained with one
of these markers (Fig. 4). Thus most clones appear to be
composed of neurons (anti-b-Tub III/) and precursor cells
(nestin/).
Speci®c Growth Factors plus Striatal Cells Drive
Oligodendrocyte Production
The results presented above indicated that neither solu-
ble factors nor direct contact with striatal cells was able
FIG. 3. Aspect of a clone containing a mixture of NG2/ and NG20
cells. The striatal culture from an E13 embryo was ®xed after 9
days in vitro. The clone is visualized in phase (A) and stained with
anti-b-gal (B) and anti-NG-2 (C). The arrows show the cells double-
stained with anti-b-gal and anti-NG2. Note the presence of many
NG20 cells in this clone. Scale bar: 50 mm.
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TABLE 3 the factor was present for the full 9-day culture period (Table
Effect of EGF Combined with a Striatal Environment on the 3). When the cultures were exposed from day 3 through to
Generation of Oligodendrocyte by E13 Cortical Precursor Cells day 9, however, the number of oligodendrocyte clones was
substantially reduced (1.3%), although such clones did still
Total number of Number of appear. We noticed further that the bipolar cells described
Treatment clone analysed NG2/-containing clones
above did not appear so prominent in the mixed cultures if
the EGF treatment was discontinued after 3 DIV. TheseControl 728 0
EGF continuous 314 15/314 (4.8%) observations suggest that EGF is acting during the ®rst few
EGF 2±3DIV 214 8/214 (3.7%) days in culture when the multipotential precursor cells pre-
EGF 2±3DIV 213 3/231 (1.3%) dominate, rather than later when most cells are speci®ed
or have differentiated (Williams and Price, 1995).
Note. E13 BAG-labeled cortical cells were mixed with E13 unla-
beled striatal cells in a proportion of 1 to 9. Data are shown as
mean number of oligodendrocyte-containing clones per coverslip.
Study of ProliferationThe numbers in parentheses are the data expressed as percentages
of the total number of clones per coverslip. We asked whether EGF and TGFa were mitogenic for
cortical or striatal precursor cells by exposing cultures to
the factors 2 h after plating, at which time BrdU was also
added to the cultures. After a further 16 h in vitro, the
to induce E13 cortical precursor cells to generate more proportion of BrdU-labeled cells was counted (Fig. 8). We
than a few oligodendrocytes. We were inclined, therefore, observed that neither factor in¯uenced the labeling index
to conclude that the cortical anlage at E13 has a very re- in cortical cultures from either E13 or E16. Nonetheless,
stricted potential to generate this cell type. We discovered, both factors increased labeling in striatal cultures from both
however, that direct striatal contact plus the addition of ages (Fig. 8) by between 8 and 10%, albeit that the effects
speci®c growth factors did induce the production of oligo- at E13 were not statistically signi®cant.
dendrocytes in clones derived from E13 cortical cells. We also observed a marked difference in the labeling in-
When mixed cortical/striatal cultures, prepared as above, dex of E13 cortical and striatal cells whether in the presence
were incubated in the presence of EGF, TGFa, or PDGF, of the growth factors or not. The labeling index of cortical
clones did appear that included oligodendrocytes (Table 3, cells at E13 is more than double that of striatal cultures.
Fig. 5). After 9 DIV in the presence of 20 ng/ml EGF, 4.8% By E16, however, this difference has disappeared, and the
of clones had this phenotype. This compares with 5% of indices for the two regions are indistinguishable.
clones having oligodendrocytes in E13 striatal cultures
(Table 2). PDGF was less effective, giving very occasional
oligodendrocyte clones at a frequency too small to esti-
DISCUSSIONmate accurately. TGFa gave data indistinguishable from
that with EGF (data not shown).
The clones which arise under these conditions look quite In this study, we have asked whether two areas of the
telencephalon have the potential to generate oligodendro-different from other clones that we have observed in cortical
cultures or in mixed cortical/striatal cultures. About 50% cytes. The ®rst conclusion that we can draw is that the E13
telencephalic vesicle does contain precursor cells that haveof clones in mixed cultures plus EGF were very large and
dispersed, being composed of more than 500 cells in many the potential to generate oligodendrocytes. This is clear
from the experiments in which we placed E13 striatum incases. They include many strikingly bipolar cells (Fig. 6)
that were nestin/. Cells with this appearance were not ob- culture. These cultures apparently had the same potential
to generate oligodendrocytes as E16 striatum. A difference,served in E13 cortex cultures, E13 striatal cultures, or mixed
E13 cortex/striatal cultures (without EGF). They do arise, however, is that at E13 most oligodendrocyte clones also
contain other types of cells (nestin/, or b-Tub III/), whereashowever, in clones from E13 striatal cultures treated with
EGF. The clones that included oligodendrocytes were al- E16 oligodendrocyte clones are mostly composed purely of
oligodendrocytes. We interpret these data to say that E13ways this type, and typically included 10 to 20 oligodendro-
cytes in addition to the distinctive bipolar nestin/ cells. multipotential precursor cells (previously described by Wil-
liams and Price, 1995) generate restricted oligodendrocyteThe remaining clones in these cultures were similar to
those already described above in mixed cultures in the ab- precursor cells (as described by Williams et al., 1991). More-
over, this progression occurs in culture as shown by thesence of EGF (Fig. 7).
We wanted to know at what stage the EGF was acting on equal potential of E13 striatal cells to generate oligodendro-
cytes compared with E16 striatum. These results do notthese mixed cultures. We compared, therefore, the effect of
adding EGF for the ®rst 3 DIV to that achieved by adding prove that some other population of oligodendrocyte precur-
sor cells cannot migrate into the striatal anlage, before E16,the factor from 3 DIV until the experiment was analyzed
at 9 DIV. We discovered that if the cultures were exposed to as might be predicted from the data of Richardson, Timsit
and their collaborators (Timsit et al., 1995; Yu et al., 1994),EGF for just the ®rst 3 DIV, the number of oligodendrocyte
clones was slightly but not signi®cantly lower than when but they show that no such migratory phase is required to
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explain the potential of E16 striatum to generate oligoden-
drocytes.
Most importantly, our results show that E13 telencepha-
lon has the potential to generate oligodendrocytes even
though it contains at that stage no cells that label with
putative oligodendrocyte markers. At E13, no telencephalic
cells express the mRNA for the PDGFa-receptor; the only
forebrain cells that express PDGFa-receptor mRNA at this
stage are in the ventricular and mantle zone of the rat ven-
tral diencephalon (Pringle and Richardson, 1993). Similarly,
cells expressing DM-20 mRNA have been described in the
mouse ventral diencephalon but not the telencephalon
(Timsit et al., 1995). What our studies cannot address is
whether migratory cells derived from these putative dience-
phalic oligodendrocytes precursors invade the telencepha-
lon at a later stage of development.
Differential Potential of Telencephalic Regions to
Generate Oligodendrocytes
Even though the telencephalic vesicle does have the po-
tential to generate oligodendrocytes, this potential is not
the same for all telencephalic regions. While E13 striatum
has a potential equal to E16 striatum, E13 cortex produces
approximately four orders of magnitude fewer oligodendro-
cytes than striatum or with E16 cortex (Fig. 1). Moreover,
when added alone, neither added growth factors, striatal
CM, nor coculture with permissive striatal cells rescues this
lack of oligodendrocyte-generative potential. The coculture
experiment with striatal cells is particularly informative.
Even though the environment is permissive for oligodendro-
cyte generation, and even though that environment is
shared between the cortical and striatal cells, the cortical
cells still fail to generate oligodendrocytes. We conclude
from this result that there is an intrinsic difference in the
potential of cortical and striatal precursor cells to respond
to this ``oligodendrogenic'' environment. There may also be
a difference in the potential of cells from the two regions
to generate this oligodendrogenic environment, although
we have not directly demonstrated that here. Sonic hedge-
hog has been shown to have an oligodendrogenic activity
on spinal cord cells (Pringle et al., 1996), and this factor has
also been identi®ed in the ventral forebrain (Echelard et al.,
1993). It could be that by E13 the striatal cells had already
been exposed to this factor, or that they themselves express
it. FGF2 has also been shown to induce oligodendrocytes
from single cortical stem cells (Qian et al., 1997). We have
not been able to reproduce this effect in our cultures, proba-
FIG. 5. Example of a cortical clone including oligodendrocytes
found in mixed E13 cortical and striatal cell culture treated with
EGF every 2±3 days. The culture is ®xed after 9 days in vitro. (A)
Phase contrast, (B) oligodendrocyte precursors are stained with anti-
NG2, and (C) they are also stained with anti-b-gal. Note the large
size of the BAG-labeled clone. Scale bar: 50 mm.
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bly because our cells are grown at a higher cell density
(Table 1).
Despite the failure of cortical cells to generate oligoden-
drocytes, we were able to contrive conditions under which
they did express this potential. If they were cultured to-
gether with striatal cells and EGF (or TGFa), then oligoden-
drocytes did appear in clones, apparently derived from
multipotential precursor cells. This was not the only nota-
ble feature of these mixed cultures. Roughly 50% of the
clones under this condition were of the type seen typically
in cortical cultures and described previously as derived from
multipotential precursor cells (the ``NE'' clones of Williams
et al., 1995). The other 50%, however, had an appearance
not normally observed in cortical cultures. They were very
large (often over 500 cells) and considerably more dispersed
than typical E13 cortical clones, which are usually tightly
aggregated. The subjective impression was that this combi-
nation of EGF plus striatal coculture had a dramatic effect
on the behavior of the cortical precursor cells, in addition
to the production of oligodendrocytes.
Since we know that EGF is mitogenic for neural precur-
sor cells under some conditions (Anchan et al., 1991; Craig
et al., 1996; Reynolds et al., 1992), the simplest explana-
tion of these observations would be that EGF is having a
mitogenic effect on the multipotential cortical precursor
and delaying their differentiation. As a consequence, fewer
precursors would differentiate along the neuronal pathway
in the ®rst few days of culture, and more would subse-
quently be available to generate oligodendrocytes. We
have, however, been unable to demonstrate a direct mito-
genic effect of EGF on cortical precursor cells. EGF is not
mitogenic for cortical cells either at E13 or E16, and the
only gross effect we see on cortical clonesÐan increased
size and dispersion in roughly 50% of clonesÐis only ob-
served in the mixed cortical/striatal cultures. On the other
hand, EGF is apparently mitogenic for striatal cells. Indeed,
the only direct effect we have been able to observe for EGF
is on striatum. It is possible, therefore, that EGF is acting
on cortical cells via a direct effect on striatal cells. Since
EGF is required only for the ®rst 3 days in culture in order
for oligodendrocytes to appear in the coculture experi-
ments, it is probably acting directly on the multipotential
cells that seem to dominate E13 striatum, as they do E13
cortex (Williams and Price, 1995).
Nonetheless, we cannot be sure that EGF does not have
a direct effect on cortical cells when they are cocultured
with striatal cells. It could be that the way the striatal cells
exert their effect is to induce EGF responsiveness in cortical
precursor cells. This would also be consistent with all our
data. It could be, for example, that under the in¯uence of
striatal cells, EGF speci®cally pushes cortical precursor
FIG. 6. Example of a cortical clone including nestin/ cells found
in mixed E13 cortical and striatal cell culture treated with EGF
every 2±3 days. (A) Phase contrast, (B) many cells are nestin/, (C)
they are also stained with anti-b-gal (arrows). Scale bar: 50 mm.
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tissue generates oligodendrocytes following transplantation
into neonatal cerebrum. They also showed that E10.5 corti-
cal transplants generate oligodendrocytes, even though this
is prior to the expression of any putative oligodendrocyte
progenitor markers (Pringle and Richardson, 1993). Our data
would strongly suggest that multipotential precursor cells
are responsible for this generation of oligodendrocytes. Pre-
sumably the neonatal cortical environment, like the EGF/
striatal coculture environment that we studied, is condu-
cive for the generation of oligodendrocytes from multipo-
tential cortical precursor cells.
Cortical vs Striatal Precursor Cells
There are three other differences between cortical and
striatal precursor cells that may or may not be related to
the difference in potential to generate oligodendrocytes.
First, we have observed in this study a marked difference in
the overall BrdU labeling index between cortical and striatal
cells. More than twice as many E13 cortical cells were la-
beled with a 16-h pulse compared to striatal cells. By E16,
this difference had normalized.
Second, cortical and striatal cells have a selective adhe-
sive mechanism that causes them to segregate from each
other in mixed cellular aggregates (GoÈ tz et al., 1996). This
is likely to be related to the observation that precursor cells
of cortex and striatum fail to intermix in the plane of the
ventricular zone, and appear to respect the boundary be-
tween them (Fishell, 1995). The differential segregation ap-
pears to be a consequence of a Ca2/-dependent adhesive
mechanism.
FIG. 8. Percentage of BrdU/ cells in E13 striatal versus cortical
The third difference is that the expression of a number ofcell cultures (A) and E16 striatal versus cortical cell cultures (B).
transcription factors appears to respect the border betweenBrdU was added for the last 16 h in culture. Cells were ®xed and
these two regions of the telencephalon. Vertebrate homo-the percentage of labeled nuclei was determined for each condition.
logues of several classes of Drosophila genes, including theBars represents the mean { SEM of duplicate wells from three
independent experiments. homeotic gene forked-head (BF-1), distal less (Dlx), Tes-1,
achaete scute (MASH), and empty spiracles (EMX-1), show
patterns of expression that are restricted to either the devel-
oping cortex or the lateral ganglionic eminence. Presum-
cells into the production of oligodendrocytes. This would ably these factors direct the expression of the cellular differ-
be a similar action to that proposed by Lillien (1995) in the ences we have observed. We currently have evidence that
retina, where she suggested that increased activation of the Pax6 may be particularly important in this regard (Stoy-
EGF-receptor increases the probability of retinal multipo- kova, 1997).
tential precursor cells generating MuÈ ller glial cells. EGF is In conclusion, E13 striatal precursor cells have as great
one of the extracellular signals implicated in the control of a potential to generate oligodendrocytes as E16 striatum.
several aspects of retinal proliferation and cell fate (Anchan It is likely that the indigenous multipotential precursors
et al., 1991; Lillien and Cepko, 1992; Luetteke et al., 1993; of the ganglionic eminence generate striatal oligodendro-
Mann et al., 1993; Reh, 1992). cytes. On the other hand, the reduced potency of cortical
Our conclusion from the EGF/coculture experiment, precursor cells to generate oligodendrocytes probably
therefore, is that the difference between cortex and striatum means that cortical oligodendrocytes are derived from
is not primarily a difference in the intrinsic potential of the elsewhereÐpossibly the striatumÐand migrate into the
two anlagen to generate oligodendrocytes. Rather it repre- cerebral cortex.
sents a difference in the two tissues to either generate or
respond to particular environments. In our model, the differ-
ence is the sensitivity to EGF and the ability to generate an ACKNOWLEDGMENTS
oligodendrocyte-permissive environment.
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